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Abstract
Recent controversy over the potential role of methyl bromide (MeBr) in damaging the ozone layer has
spurred interest in increasing our understanding of the transformation and movement of this fumigant after it
is applied to soil. Our research indicates MeBr is rapidly volatilized from fumigated soil (within the first 24
hours) and volatility significantly increases with temperature (35° C > 25° C = 15° C) and moisture (0.03 bar
> 0.3 bar > 1 bar > 3 bar). Degradation of MeBr, measured by production of bromide ion (Br-), was also
directly related to temperature and moisture. Undisturbed soil column studies indicated that MeBr rapidly
volatilized (> 50% of the MeBr flux occurred in 48 h) but did not leach into subsurface soil. Residual MeBr
was degraded in the soil column, evident by the high concentrations of Br- in the leachate water. In field
studies, MeBr also volatilized rapidly from soil, but a significant portion of the MeBr was degraded (30% after
2 d). These studies provide pertinent information for assessing the fate of MeBr in soil, which should lead to
more informed decisions regulating its use.
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Chapter 5 
Fate of Methyl Bromide in Fumigated Soils 
Todd A. Anderson1, Patricia J. Rice2, James H. Cink2, 
and Joel R. Coats2 
1Institute of Wildlife and Environmental Toxicology, Department 
of Environmental Toxicology, Clemson University, One Tiwet Drive, 
Pendleton, SC 29670 
2Pesticide Toxicology Laboratory, Department of Entomology, 
Iowa State University, Ames, IA 50011-3140 
Recent controversy over the potential role of methyl bromide (MeBr) in 
damaging the ozone layer has spurred interest in increasing our 
understanding of the transformation and movement of this fumigant 
after it is applied to soil. Our research indicates MeBr is rapidly 
volatilized from fumigated soil (within the first 24 hours) and volatility 
significantly increases with temperature (35° C > 25° C = 15° C) and 
moisture (0.03 bar > 0.3 bar > 1 bar > 3 bar). Degradation of MeBr, 
measured by production of bromide ion (Br), was also directly related 
to temperature and moisture. Undisturbed soil column studies 
indicated that MeBr rapidly volatilized (> 50% of the MeBr flux 
occurred in 48 h) but did not leach into subsurface soil. Residual 
MeBr was degraded in the soil column, evident by the high 
concentrations of Br" in the leachate water. In field studies, MeBr also 
volatilized rapidly from soil, but a significant portion of the MeBr was 
degraded (30% after 2 d). These studies provide pertinent information 
for assessing the fate of MeBr in soil, which should lead to more 
informed decisions regulating its use. 
Methyl bromide (MeBr) is a biocidal fumigant used to control a broad spectrum of 
pests and diseases including nematodes, insects, weed seeds, viruses, and fungi. The 
average annual amount of MeBr used has increased by 7% since 1984; it is currently 
the fifth most widely used pesticide in U.S. agriculture, and by volume, it is the 
second most widely applied insecticide in the world (1). Over 55 million pounds of 
MeBr were used in the U.S. in 1990; approximately 80% was applied as a soil 
fumigant, and an additional 15% was employed as a fumigant for agricultural 
commodities (food and packaging materials) and structures. 
While the quantity of MeBr released into the atmosphere from natural sources 
is estimated to be 75%, anthropogenic emissions (primarily through fumigation, 
chemical manufacturing, and car exhausts) also contribute significantly to the global 
MeBr budget (2,3). Large quantities of field-applied MeBr (> 80%) have been shown 
to volatilize into the atmosphere (4). Although man-made emissions represent only a 
fraction of the total atmospheric MeBr, they disrupt the natural balance of the 
atmosphere and are believed to contribute to diminishing the ozone layer (5). 
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Photolysis of MeBr at high elevations (stratosphere) produces bromine 
radicals. MeBr's atmospheric life-span (18 months) is relatively short compared with 
chlorofluorocarbons (50 to 100 years), which are being phased out; however, bromine 
can scavenge ozone 100 times more efficiently than CI (5). Recent dispute over 
MeBr's potential to deplete the ozone layer has led the Environmental Protection 
Agency (EPA) to propose a phasing out of its use. In 1991 the United Nations 
Environment Program (UNEP) Montreal Protocol committee classified methyl 
bromide as a Class I ozone depleter. The EPA is responsible for enforcing a phase out 
of all Class I ozone depleter chemicals by the year 2001 (6,7). Presently, there appear 
to be few viable alternatives to replace this fumigant, and banning of MeBr may, by 
one estimate, result in an annual loss of over $1.3 billion to U.S. consumers and 
producers (6). 
Despite extensive use of MeBr, little is known about its fate in soil. Previous 
research primarily focused on evaluating the toxicity of MeBr and measuring residues 
on food. MeBr is considered a minor surface and ground water contaminant and a 
major air contaminant (8). During fumigation, MeBr penetrates into the soil and is 
partitioned into the liquid, gas, and adsorbed solid phases. Degradation in the soil 
may occur by abiotic or biotic reactions and include primarily hydrolysis as well as 
reduction and oxidation reactions (9-12). Degradation products of MeBr include 
bromide ion, methanol, formaldehyde, hydrobromic acid, and carbon dioxide (13,14). 
The persistence, volatility, and degradation of MeBr (and other organic 
chemicals) in the soil is influenced by chemical properties, soil properties, and 
environmental conditions. Information on the fate of MeBr under various conditions 
is needed to make educated decisions involving its use and regulation. We report here 
laboratory studies addressing the influence of environmental and soil variables on the 
degradation and volatility of MeBr and a field experiment on MeBr flux and 
degradation in fumigated soil. 
Experimental Procedures 
Chemical. Methyl bromide was obtained from Great Lakes Chemical Co. 
(West Lafayette, IN) and stored as a liquid at -60° C. Pure MeBr was used for 
analytical standards and fumigation of laboratory samples. 
Soil Collection and Treatment. The pesticide-free soil used in the 
laboratory studies was obtained from the Iowa State University Agronomy and 
Agricultural Engineering Farm near Ames (Story County), Iowa. Samples were 
collected, sieved (2.0 mm), and stored in the dark at 4° C until needed. Ten samples 
were randomly collected from the field and combined for each replicate. Soil was 
analyzed by standard methods to determine physicochemical properties. The sandy 
clay loam soil consisted of 53% sand, 29% silt, 17% clay, 3.1% organic matter, and a 
slightly acidic pH (6.6). In all the studies described below, liquid MeBr was applied 
to the soil and allowed to incubate (sealed) for 48 h before initial experimental 
monitoring, to simulate a typical fumigation period. 
Volatility Study. Soil (10 g dry weight) was placed in 45-ml glass bottles 
equipped with polytetrafluoroethylene-lined septa. Moisture was adjusted to 0.03 bar, 
0.3 bar, 1 bar, and 3 bar, respectively. MeBr was applied as a liquid at a 
concentration of 2,733 μg MeBr/g soil (594 g/m3), which represented a typical 
structural fumigation rate. This rate was used instead of a typical field fumigation rate 
because of the difficulty of applying small quantities of this highly volatile compound. 
Samples were incubated in the dark at 15° C, 25° C, or 35° C. Each treatment 
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Figure 1. Undisturbed soil column used to study the fate of methyl bromide in soil. 
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consisted of four replicates. Concentration of MeBr was measured at intervals using 
static headspace gas chromatography (15,16) for approximately 5 d (119 h). 
Headspace above the soil samples was purged with N 2 following each analysis. MeBr 
flux from soils was determined from headspace concentrations. The data were 
statistically analyzed using analysis of variance (ANOVA) and least significant 
difference (LSD) at 5%. 
Degradation Study. Fumigated samples were analyzed for Br" to assess the 
influence of temperature, moisture, and sterility on MeBr degradation. Soil treatments 
were identical to those previously stated. Sterile control samples (autoclaved >121° C 
for 30 minutes on three consecutive days) and treatment soils were adjusted to 0.3 bar 
moisture with sterile deionized water. At periodic intervals, fumigated soils were 
extracted with 20 mL deionized water by mechanical agitation and centrifugation. The 
supernatant was removed and analyzed for Br" using a bromide-specific electrode 
(Orion Research Inc., Boston, MA). Analysis of variance and LSD (5%) were used to 
determine significant differences between treatments. 
Microbial Toxicity. Soil respiration was measured to determine the effect 
of MeBr on microbial activity. Twenty grams of soil (dry weight) was placed in 
stoppered, 250-mL glass jars, and soil moisture was adjusted to 0.3 bar. MeBr was 
applied at concentrations of 594 g/m3 and 350 μg/g to represent structural fumigation 
and 2.6x the rate of field fumigation, respectively. Soils were incubated in the dark at 
25° C. Carbon dioxide efflux was measured at 24-h intervals after the initial 48-h 
fumigation period. The sample headspace was purged with moist, C02-free air and 
was analyzed using an infrared gas analyzer (Mine Safety Appliances Co., Pittsburgh, 
PA) (17). Microbial respiration in the fumigated and untreated samples was 
compared. Treatments were considered significantly different when the SD of the 
daily means did not overlap. 
Soil Column Study. Two undisturbed soil columns (15 cm diameter χ 38 
cm length) were obtained from an agricultural field site (no previous pesticide history) 
near Ames, Story County, IA. The procedures for collection and removal of the 
columns were previously described (18). Additional soil samples were collected at the 
same depths as the column, and soil physicochemical properties were determined. A 
composite of the soil samples comparable to the soil column consisted of sandy clay 
loam soil with a pH of 5.4 and 54% sand, 25% silt, 21% clay, and 2.5% organic 
matter. 
Soil columns (Figure 1) were prepared for laboratory studies as described by 
Kruger et al. (19). Modifications were made to collect volatilized MeBr from the soil. 
The PVC pipe surrounding the sides of the column was longer than the soil column to 
insure sufficient headspace. Four 500-mL increments of deionized water were leached 
through the columns to determine any background concentrations of Br" and MeBr. 
Liquid MeBr was applied to the soil surface and the columns were immediately 
sealed. Soil columns were incubated for 48 h to allow MeBr to penetrate the soil and 
mimic fumigation techniques used in the field. The MeBr-fumigated columns were 
maintained at 24° ± 1° C. Soil columns were leached weekly with 500 mL deionized 
water to represent 1 inch of rainfall. Leachate was collected at the bottom of the 
column and analyzed for Br" and MeBr by using a bromide-specific electrode, and gas 
chromatography, respectively. 
Resazurin and granular activated carbon traps were suspended in the headspace 
of the columns after the 48-h fumigation. Carbon traps consisted of 8 g activated 
charcoal wrapped in 5 cm χ 5 cm, 100% cotton net (1-mm mesh). These traps were 
changed periodically and used to determine the amount of MeBr in the headspace of 
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46 FUMIGANTS: ENVIRONMENTAL FATE, EXPOSURE, AND ANALYSIS 
the column. Upon removal, the traps were placed in 45-mL glass bottles equipped 
with screw caps and polytetrafluoroethylene-lined septa and stored at -60° C until 
analysis. MeBr was desorbed off the carbon traps by the procedure of Woodrow et al. 
(15) with modifications. Quantities of MeBr detected were considered in the final 
calculation of MeBr that volatilized from the soil. 
At the conclusion of the study, the undisturbed soil columns were cut into 5-
cm increments and extracted with water as stated above in the degradation study. The 
soil extracts were analyzed using a bromide-specific electrode. 
Field Study. MeBr fate (volatility, degradation, microbial toxicity) was 
determined in fumigated field soils. Three adjacent fields near Ames, Story County, 
IA were professionally treated (by injection) with 390 kg/ha MeBr-chloropicrin 
mixture (98:2 by weight). The fields were covered with a plastic tarp after injection 
and remained covered for 48 h. Composite soil samples from the fields were analyzed 
by standard methods to determine physicochemical properties. The clay loam soil 
consisted of 43% sand, 29% silt, 27% clay, 3.2% organic matter, and a near neutral 
pH (7.2). 
The volatility of MeBr in the field was determined using glass flux chambers 
equipped with activated carbon traps. Flux chambers were placed on the plastic tarp 
immediately following fumigation. Upon removal of the tarp, flux chambers were 
placed directly on the soil. Carbon traps were collected at various time intervals and 
stored at -60° C until analysis by headspace gas chromatography. 
The concentration of MeBr in the soil gas was also determined. Soil probe 
samples were collected at various time intervals, equilibrated at room temperature in 
100-mL glass bottles, and analyzed by headspace gas chromatography. 
Bromide ion concentrations in the soil were measured, following analysis of 
gaseous MeBr, as an indicator of MeBr degradation. Soil samples (10 g) were 
extracted with 30 mL distilled deionized H 2 0. Extracts were analyzed using an ion-
specific electrode. 
Microbial respiration of fumigated soils was monitored in order to determine 
the potential toxicity of 390 kg/ha field-applied MeBr to soil microorganisms. Soil 
probe samples were randomly collected from the MeBr fumigated fields, and analyzed 
as described above. 
Analysis of Bromide Ion. Supernatant and leachate samples from 
degradation studies, column studies, and field studies were measured for Br" using a 
bromide-specific electrode attached to a pH meter (Fisher Scientific, Pittsburgh, PA). 
Br" standards were prepared with NaBr, deionized water, and 5 M NaN03 (ionic 
strength buffer). Calibration curves were constructed from the standards and used to 
determine the sample concentrations. 
Analysis of MeBr. Procedures for the analytical standards and analysis of 
sample and standard headspace were modified from Woodrow et al. (15). Methyl 
bromide standards were made in benzyl alcohol, stored at -60° C, and replaced every 2 
weeks. Samples were analyzed on a Varian 3700 gas chromatograph equipped with a 
Ni 6 3 electron-capture detector at 350° C. Injector temperature was 170° C with a 
column temperature of 160° C. The glass column (0.912 m χ 2.0 mm i.d.) was 
packed with 100/120 mesh Porapak Q (Supelco Inc., Bellefonte, PA) on Carbopack 
with a carrier gas consisting of ultra pure N 2 (26 mL/min). 
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Results and Discussion 
Volatility Studies. Methyl bromide was significantly more volatile in soil 
samples incubated at 35° C, with no significant difference between the 15° C and 25° C 
soils (Table 1). The flux of MeBr in 35° C samples after 1 h exceeded the cumulative 
concentrations in the cooler soil samples. Of the total applied MeBr, 32%, 35%, and 
54% volatilized in the 15° C, 25° C, and 35° C samples, respectively, over 5 d of the 
experiment. Over 85% of the total MeBr flux occurred within the first 3 h after 
fumigation at all soil temperatures tested. 
Table 1. Volatility of methyl bromide (MeBr), as influenced by soil temperature, 
expressed as a percentage of the total MeBr initially applied 
Soil Temperature 
(°Q 
Soil Moisture 
(bar) 
% Volatilized 
(3 h) 
Total % Volatilized 
(119 h) 
15° 0.3 27.3a 32.2a 
25° 0.3 30.4a 35.2a 
35° 0.3 50.9b 54.4b 
Values followed by the same letter are not significantly different (p > 0.05) 
Volatility of MeBr significantly increased at higher soil moisture (Table 2). 
The quantities of MeBr that volatilized from the 0.3 and 1 bar soils were not 
significantly different. Of the total applied MeBr, 4%, 29%, 35%, and 67 % 
volatilized from the 3, 1, 0.3, and 0.03 bar samples, respectively. Most of the MeBr 
flux occurred within 2 h after fumigation at all soil moistures tested. Our results are 
consistent with previous research that shows that low soil moisture leads to increased 
adsorption of MeBr. Chisholm and Koblitsky (20) also observed a greater adsorption 
of MeBr in dry soils than wet soils. Although MeBr is believed to be weakly 
adsorbed, volatility may have increased as a result of competition between water and 
MeBr molecules for the same sorption sites. 
Table 2. Volatility of methyl bromide (MeBr), as influenced by soil moisture, 
expressed as a percentage of the total MeBr initially applied 
Soil Moisture 
(bar) 
Soil Temperature 
(°Q 
% Volatilized 
(2 h) 
Total % Volatilized 
(72 h) 
3 25° 4.0a 4.1a 
1 25° 28.7b 28.9b 
0.3 25° 28.0b 34.7C 
0.03 25° 66.3C 66.7d 
Values followed by the same letter are not significantly different (p > 0.05) 
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48 FUMIGANTS: ENVIRONMENTAL FATE, EXPOSURE, AND ANALYSIS 
Degradation Studies. Bromide ion was measured to determine the 
influence of temperature and moisture on the degradation of MeBr in fumigated soil 
samples. MeBr degradation significantly increased at higher temperatures (Table 3). 
Samples incubated at 35° C contained from 7-20x more Br" than soils at 25° C and 15° 
C, respectively. After 211 h, 1.1, 4.6, and 22.6% of applied MeBr had degraded to 
Br" in the 15° C, 25° C, and 35° C soil samples, respectively. From this study it was 
not clear whether the transformation of MeBr was abiotic, biotic, or a combination of 
the two. Gentile et al. (13) reported a decrease in MeBr half-life in static-anaerobic 
water samples at higher temperature and pH. 
Table 3. Transformation of methyl bromide (MeBr), as influenced by soil moisture 
and soil temperature, expressed as a percentage of the total MeBr initially applied 
Soil Temperature 
(°Q 
Soil Moisture 
(bar) 
% Degraded Time 
(post fumigation) 
25° 0.03 3.4a 72 h 
25° 0.3 3.6a 72 h 
25° 1 1.0b 72 h 
25° 3 1.5C 72 h 
15° 0.3 l . l b 119 h 
25° 0.3 4.6a 119 h 
35° 0.3 22.6d 119 h 
Values followed by the same letter are not significantly different (p > 0.05) 
MeBr degradation was also increased significantly at the highest soil moistures 
(0.03 bar and 0.3 bar) compared to the two driest soils (1 bar and 3 bar) tested (Table 
3). However, only minimal amounts (< 3.6%) of MeBr were degraded even at the 
highest soil moisture. Fumigated soil samples with moisture levels above field capacity 
contained > 2x more Br". MeBr is known to be hydrolyzed to Br" and methanol in 
water (13). Yagi et al. (4,21) compared two field fumigation experiments that 
measured the flux of MeBr and formation of Br" in soil. They observed an increase in 
Br" and a decrease in MeBr volatility related to a combination of increased soil 
moisture, pH, organic matter, and injection depth. 
Microbial Toxicity. Respiration was measured in soils fumigated with 
MeBr to determine the effect on soil microorganisms. A typical structural fumigation 
rate (594 g/m3) and 2.5x a typical field fumigation rate (350 μg/g) were used. Soil 
samples fumigated at 594 g/m3 (structural rate) sustained depressed respiration 
throughout the 24-d experiment compared to control (unfumigated) soils. The 350 
μg/g soil treatment caused a temporary depression in C0 2 efflux, but it was not 
significantly different from the control (unfumigated) soil after 4 days. A reduction in 
soil respiration suggests a reduction in microbial biomass and/or activity. MeBr is a 
broad-spectrum, nonselective fumigant that kills soil-borne pathogens as well as 
beneficial microorganisms. Sensitivity to MeBr varies; however, all organisms would 
be expected to be susceptible to high concentrations. At the 350 mg/g treatment (2.5x 
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a typical field rate), the microbial population appeared to be able to recover from the 
MeBr-induced toxicity. A similar or increased recovery might be expected in soils 
fumigated at the field rate (392 kg/ha = 132 μg MeBr/g soil). 
Soil Column Study. Undisturbed soil columns were used to study the 
volatility, degradation, movement, and leaching potential of MeBr. MeBr volatilized 
rapidly from the soil column. Headspace analysis of the column indicated that MeBr 
flux peaked at 32 h after fumigation, with no detection after 21 d. These results are 
similar to the results of the laboratory studies and to those obtained by Yagi et al. (4) in 
field studies of MeBr. Namely, MeBr is rapidly volatilized from fumigated soil. 
Soil column leachates from each rain event were analyzed for MeBr and Br. 
MeBr was not detected in any of the leachate samples during the experimental period 
(23 weeks). Br" concentration increased from a background levels (0.004 mg) to 6.45 
mg within the first rain event following fumigation (Figure 2). Levels of Br" continued 
to increase, peaked at 3 weeks (68.4 mg), and gradually decreased with subsequent 
rain events. A total of 460 mg Br" leached through the soil column, which represents 
> 5% of the MeBr initially applied. Wegmand et al. (14) detected MeBr and Br" in 
drainage water from fumigated glasshouse soils. In addition, they observed a sharp 
increase in Br" concentration during initial irrigation of the soils, followed by a steady 
decrease. The absence of MeBr in the leachate in the current study indicated MeBr did 
not leach through the soil profile of the undisturbed soil columns. 
After 23 weeks the soil column was divided into 5-cm fractions and analyzed 
for Br". Levels of Br" were similar to control (untreated) soil samples. The increased 
quantity of Br' in the leachate and no detection of residual MeBr and Br" in the soil 
profile at the completion of the test, imply that MeBr degraded in the soil. 
Field Study. The field fumigation study showed that 43% of the applied 
MeBr was volatilized within 4 d (Figure 3). In addition, 18% of the applied MeBr 
escaped through the plastic tarp during the first 48 h. A sharp rise in MeBr flux 
occurred following the removal of the tarp; an additional 24% of the applied MeBr 
volatilized from the soil within the next 24 h. Only trace amounts of MeBr were 
detected after day 4 of the experiment. Yagi et al. [4,21] reported a 34% and 87% flux 
of MeBr within 7 days from fumigated fields, depending on soil moisture and other 
soil properties. 
Concentrations of MeBr in soil gas were also measured at various time 
intervals. At 48 h post fumigation, 8% of the applied MeBr was detected in the soil 
gas. MeBr concentrations in the soil gas dissipated rapidly with time; only trace 
amounts of MeBr were observed after 10 d. Yagi et al. [21] reported negligible 
quantities of MeBr in the soil gas after 7 d. 
Soil samples from the fumigated fields were also analyzed for Br" as an 
indicator of MeBr transformation. Concentrations of Br" in soil after MeBr fumigation 
were significantly greater (p < 0.05) than in the control soil samples collected prior to 
fumigation. Based on a measured increase in Br' concentration in the soil, a significant 
portion of the applied MeBr (30%) had degraded within the first 2 days. Levels of Br" 
decreased with time and returned to background (pre-fumigation) level within 24 d. 
Microbial respiration was measured to determine the potential toxicity of MeBr 
applied at the field rate (390 kg/ha) to soil microorganisms. MeBr applied at the field 
rate was apparently not toxic to the microbial population. There was no significant 
difference (p < 0.05) in microbial respiration between the control (unfumigated) and 
fumigated soil samples. Previously, we performed similar studies using quantities of 
MeBr that represented a typical structural fumigation rate and 2.6x typical field 
application rate. Sustained depression in microbial activity was observed only in soils 
fumigated at the structural fumigation rate. 
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Conclusions 
The influence of soil environmental variables on MeBr was studied to increase 
our understanding of MeBr transformation and movement in soil. Our research 
showed that differences in temperature and soil moisture significantly influence MeBr 
fate. At higher temperature and soil moisture, the volatility of MeBr increased. The 
majority of the MeBr flux from the soil occurs within a few hours after the initial 
fumigation. A similar trend was observed with the degradation of MeBr in the soil. 
MeBr degraded more rapidly at the higher soil temperatures and moistures; however, 
only at the highest temperature tested (35°) did a significant portion of the applied 
MeBr get transformed. Studies with undisturbed soil columns and field studies both 
confirmed the laboratory studies on MeBr volatility and transformation. MeBr does 
induce toxicity upon fumigation into soil. The concentration of MeBr applied to the 
soil determines whether or not microbial communities are able to recover from the 
chemically induced toxicity. 
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